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I. INTRODUCTION 
Chromium metal undergoes a transition from a paramag­
netic to an antiferromagnetic state at 311°K. The nature of 
the antiferromagnetic state is different from that of any 
other known system and has been the subject of extensive 
study in recent years (1). Among other methods of investi­
gation, nuclear magnetic resonance (NMR) was used to study 
the transition to the ordered state, and the behavior of the 
chromium resonance was notably atypical of ordinary magnetic 
substances. It is a now relatively well-understood phenom­
enon, called itinerant or spin-density-wave (SDW) antiferro-
magnetism, that gives rise to the unusual ordered behavior 
of chromium. 
More recently a similar NMR investigation of chromium 
diboride showed that it ordered magnetically at 88°K (2). 
The behavior of the NMR down to the transition was re-
53 
markably similar to that of the Cr resonance in the pure 
metal and led to the conclusion that the ordered state for 
it is antiferromagnetic also. 
Meanwhile, the effect of alloying small quantities of 
vanadium with chromium metal had been studied to determine 
its effect on the antiferromagnetic transition (3). The re­
sult was a decrease in N^el temperature, T^, with increase 
of vanadium, until the antiferromagnetism was destroyed at 
2 
about 3% V in Cr. It appeared that a similar procedure fol­
lowed with CrBg would be worthwhile, and it was with this 
intent that the present work was first begun. Samples of 
composition V^Cr^ were prepared for small values of x 
and were found to exhibit the same antiferromagnetic be­
havior as the pure diboride, but with depressed and with 
the transition very much broadened. The lowering of the 
ordering temperature was expected, by analogy to the V-Cr 
alloys, but the smearing out of the transition was not ex­
pected and prompted further investigation of the system. 
The solid solution of the mixed vanadium and chromium 
diborides had been the subject of little investigation at 
the time this work was started. Post et (4) had used 
x-ray diffraction to determine their mutual solubility and 
found it to be complete for all compositions. 
The specific heat and magnetic susceptibility of the 
mixed diborides have been the subject of studies made by 
Castaing and his co-workers in France (5). In particular, 
their study of the magnetic behavior of the system showed a 
dependence of the N^el temperature of the vanadium concentra­
tion similar to that found by NMR but different in some 
nontrivial aspects. 
Meanwhile, NMR studies were made at room temperature 
of the spectra and revealed the presence of one or both 
of two distinct resonance lines for all samples. This 
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immediately suggested the presence of two phases in the 
system, but x-ray diffraction measurements suggested other­
wise. For added certainty the vanadium NMR spectra of sev­
eral of the samples prepared by Castaing were studied, and 
they showed the same two-fold nature. A full-scale NMR 
investigation of the chromium-rich end of the system was 
then initiated, and the results are reported herein. 
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II. THEORY 
A. NMR Theory 
1. The basic interactions 
The principal experimental technique employed for this 
work has been nuclear magnetic resonance. The method is 
based on the nuclear Zeeman effect. 
a. Zeeman effect A magnetic dipole moment jjt, in 
the presence of a magnetic field H, will interact with the 
field according to the Hamiltonian 
^ = -ft". H . 
If the particle is a nucleus, with spin angular momentum 
^I in its ground state, then the spin and magnetic moment 
are related through the gyromagnetic ratio y : 
jjt = I^ 
—8 
For the small energies (~10 eV) of interest in an NMR ex­
periment, the nucleus will remain in its ground state of 
definite spin I, so that the energies of interaction of its 
spin with the field H are just the matrix elements of % 
between the nuclear spin states; for z-axis chosen parallel 
—y 
to H these are 
— —yïjlîn , m — —I, —I+l, «.., 4-1 . 
m is the magnetic quantum number and ^  is Planck ' s constant 
5 
divided by 2ir.  
In a sample of a solid containing many nuclei at a 
—^ 
finite temperature, in equilibrium in a field H, the energy 
states will be unequally populated, according to a simple 
Boltzmann distribution. An individual nucleus can be stim­
ulated to make a transition to the next-highest energy state 
by the application of a radio-frequency (rf) magnetic field 
of frequency v = yH, the Larmor frequency for the particu­
lar field strength H. Here y = y/ZTr. If v is given a fixed 
value and the field H is slowly varied, the sample will ab­
sorb energy from the rf field only when H satisfies the 
Larmor condition. The detection of this energy absorption 
is the basis of the NMR experiment and provides a sensitive 
probe of the internal fields in solids. 
b. Dipolar broadening If all nuclei in a sample 
saw only the exact applied field, the NMR spectrum at an rf 
frequency Vj^ would consist of a single, infinitely sharp 
absorption line at the field This is not the 
case, but in fact the single line is broadened by the dipole-
dipole interaction. 
A magnetic dipole of moment ji located at the origin of 
coordinates produces a magnetic field everywhere given by 
where x is the position vector and r is its magnitude. Any 
other dipole, ji', will interact with it with energy -ji'-H(x). 
If the dipoles are the nuclei of a crystalline solid, then 
any given nucleus sees a total field that is the sum of many 
dipole fields, H(x), of varying sizes and directions. This 
dipole-dipole interaction gives rise to a random distribution 
of nonzero fields at the sundry nuclei. The result is that 
the internal fields are no longer uniform and equal to the 
externally applied field; the infinitely sharp absorption 
line at becomes a broad curve, centered about whose 
bell shape reflects the random distribution of dipole fields 
within the solid. 
The shape of the broadened NMR line can most often be 
approximated by a Gaussian function, less frequently by a 
Lorentzian function, as dictated by the experimental evi­
dence and by the processes contributing to the broadening, 
of which the dipole-dipole interaction is only the most 
common. 
In an NMR experiment it is the derivative of the actual 
absorption function that is recorded. If the nuclear inter­
actions are isotropic, the observed absorption derivative 
will be an antisymmetric function of the field, and its 
center is taken to lie midway between the maximum and mini­
mum points of the derivative curve. This point would be 
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for the unshifted line broadened by the dipole-dipole 
interaction. 
2 .  The Knight shift 
—V 
A nuclear spin, I, can interact with other nuclear 
spins as described above, or it can interact with an elec­
tron spin, S. The latter case is usually referred to in 
its various forms as the hyperfine interaction, and the 
Knight shift is an example of it as it commonly occurs in 
metals. 
In metallic samples the center of the broadened NMR 
line, Hj^, say, is generally found to differ by as much as a 
few percent from the value, of the externally applied 
magnetic field. The difference is expressed as a shift 
K -
"m ' 
where K is the Knight shift. The origin of the additional 
magnetic field that a metallic nucleus sees is in the con­
duction electrons. Those electrons with s-type wave func­
tions have finite probability density at the nucleus; the 
interaction of their spins with the nuclear moment effec­
tively adds to the field that the nucleus sees as externally 
applied. An expression for the Knight shift can be written 
as 
8 
= ^\(£p)V<|+^(k,0)|%s , 
where P is the Bohr magneton, Ng(Ep) is the density of s-
electron states at the Fermi surface, 0)|^>pg is the 
average over the Fermi surface of the square of the s-electron 
wave functions evaluated at the nuclear site, and V is the 
—y -4-
volume over which ^ g(k,x) is normalized. The shift can be 
related to the Pauli spin susceptibility of the s-electrons, 
Xp, through the expression 
This s-electron contribution to K is temperature independent 
and isotropic. The result is that one can relate the Knight 
shift due to the s-electrons to their susceptibility: 
^s ^ ®^p ' 
where 
a = Çv<|;j)g(k,0) |2>pg . 
In metallic systems containing transition metals the 
presence of d-type electrons in the conduction band will 
influence the values of the Knight shift and the Pauli 
susceptibility. These electrons give no direct hyperfine 
contribution, for their probability density at the nucleus 
is zero, but they do create an imbalance between the normally 
9 
paired spins of the s-electrons within the ion core. This 
creates an indirect contribution to the contact interaction, 
called core polarization, that is of an opposite sense to 
that of the direct interaction. The resulting contribu­
tion to the Knight shift, K^, can be related to the Pauii 
susceptibility of the d-electrons that cause it: 
and where b is a constant for the system that is negative 
and is related to the s-electron probability density at the 
nucleus due to the core polarization by the d-electrons. 
Another contribution to the paramagnetic susceptibility, 
of a quite different nature, occurs in systems whose conduc­
tion electrons occupy unfilled orbitally degenerate bands, 
and the s and d electrons of transition metals in metallic 
compounds again provide an example. This effect in metals 
is the exact analog of the Van Vleck paramagnetism that 
occurs in essentially free ions and is a second-order effect 
that is largest for bands that are half-filled. The same 
interaction gives rise to a Knight shift contribution and 
the two effects can be related as 
K d 
where 
Xp = P\(ef) 
K 
orb 
10 
where c is a complicated function of the band structure. 
Finally, then, the total susceptibility for a compound 
such as a metallic transition-metal diboride can be written 
as 
X = Xp + Xp + Xorb ' 
where the small diamagnetic contribution of the closed ion 
cores is neglected. Likewise the Knight shift becomes 
K = Kg + Ka + 
= aXp + bXp + cXg^b 
Any temperature dependence in either X or K is assumed to 
arise from the d-electron contributions to them, a result 
of the narrowness and curvature of the density of states for 
such electrons. In principle the value of b can be obtained 
if Xp(T) and K^fT) are known as functions of temperature. 
The Knight shift, then, depends on the form of the con­
duction electron wave functions and they in turn on the 
crystal structure of the system. So the value of the Knight 
shift of an NMR line somehow characterizes the surroundings 
of the nuclei that comprise the line. Nuclei of a single 
species that see one or the other of two types of electronic 
environment in a solid will give rise to two NMR lines. 
Conversely, if the spectrum of a sample shows two distinct 
and well-resolved lines for a single nuclear isotope, it 
11 
can be concluded that the nuclei are somehow seeing two 
different kinds of electronic environment. 
In general the conduction electrons in noncubic 
structures can give rise to nonisotropic Knight shifts, so 
that K becomes a function of the orientation of the crystal­
line axes with respect to the external field, (6). 
Consider a fixed single crystal of a substance that has 
hexagonal symmetry, and let the magnetic field applied assume 
all random directions relative to the crystal axes. For this 
symmetry all directions in the basal plane can be shown to be 
equivalent. If © is the angle between the field and the 
c-axis of the crystal, then 0 = 90^ for in the basal plane 
these orientations of the field will produce a value of the 
Knight shift, call it Kj_, that depends upon the value of 
6 = 90°. When is parallel to the c-axis, the nuclei ex­
perience a different Knight shift. Kg, a result of 0 having 
the value of 0°. For values of 0 between these two extremes 
a range of K-values is obtained between Kj^ and Kjj. 
In a powdered sample of a material it is that remains 
fixed and the directions of the c-axes that vary, but the 
result is the same. Many more crystallites are oriented 
with 0 near 90° than with G near 0°, so a spectrum is ob­
tained that is an asymmetric function of the field and whose 
overall width reflects the asymmetry, K^^ - Kj_, between di­
rections parallel to the c-axis and those in the basal plane. 
12 
This effect would be expected to appear to some extent in 
any material having noncubic symmetry, such as the hexagonal 
Vi-x®2 
B. Localized Electron Magnetism 
In the most common form of magnetic transition a sub­
stance undergoes a change# as its temperature is changed, 
from one to another of three different kinds of states; 
paramagnetic, ferromagnetic, and antiferromagnetic. Usually 
the magnetic behavior of such materials, at temperatures not 
near their transition temperatures, can readily be explained 
on the basis of the theory of localized moments. 
Consider first the disordered or paramagnetic state of 
a "classical" local-moment antiferromagnet such as manga­
nese oxide, in which the manganese atoms are doubly ionized 
to Mn . In the free atom the outer electron configuration 
2 5 for Mn is 4s 3d , and presumably the two 4s electrons are 
removed from the atom in the ionic compound MnO for bonding 
with the oxygen atoms, which are themselves ionized to 0 
states. The five remaining 3d electrons of the manganese 
remain localized on the Mn^^ ion and are all unpaired, re­
sulting in a magnetic moment at each ion of size 5^. 
In the paramagnetic state, in an applied magnetic field 
H, the localized spins, s, tend to align with the field, 
trying to minimize the energy, -â^-îî, of their interaction 
13 
with it. However/ the tendency is opposed by the thermal 
agitation of the spins : energy is exchanged with other mo­
ments, via spin-spin interactions, and with the lattice, 
with the result that a spin remains in a state of fixed 
orientation only for a brief time, short compared to the 
Larmor period. The moments can be treated classically and 
the extent of their alignment with H calculated, as a func­
tion of temperature, by taking a statistical average of the 
interaction energy over all orientations. Alternatively, a 
quantum mechanical treatment takes account of the 2S + 1 
possible energy levels for each spin, and Boltzmann sta­
tistics are used to calculate the net alignment of the spins 
from the energy-level populations. The results are the same: 
the susceptibility, which simply measures the degree of order 
of the spins in the presence of Ë, follows a Curie-Weiss 
(CW) law, varying inversely with the temperature: 
T - e 
Here C and © are constants and 0 can be positive, negative, 
or zero, depending upon the nature of the substance. 
What effect does this behavior have on the NMR of 
55 
nuclei—the Mn nuclei in MnO, for. example—in the para­
magnetic state of such a substance? There are two effects 
that are noted, but they have a single origin. First, the 
dipole moments of the local spins of the sample produce 
14 
magnetic fields that are seen by the various nuclei and 
which contribute to the dipolar broadening of the NMR line. 
Any given moment produces a large field, because the moment 
is large, but it is rapidly changing orientation so that 
only its time average is seen. This net or average field 
will have generally a magnitude that reflects the disorder 
of the spins or their thermal agitation, i.e., it will have 
a CW-type temperature dependence. As the temperature de­
creases the net fields seen by the nuclei increases in the 
direction of the applied field. The result is to shift the 
resonance bodily from its high-temperature value, where the 
effect of the alignment of the local moments is small. This 
shift of the resonance would itself be expected to obey a 
CW-type temperature law. 
The second effect is that the resonance line would he 
broadened as the temperature is decreased. The width of the 
line is due to local variations in field as seen by the 
nuclei. As the net local fields become larger, due to de­
crease in temperature, their variations become larger pro­
portionately, so that the NMR spectrum is spread out over a 
broader range of resonant fields. This line-broadening 
would also be expected to follow a CW inverse-temperature 
law. 
These two effects are found to occur in practice. Both 
the width and the shift of the NMR line of. nuclei in a 
15 
localized-moment paramagnet increase with decreasing tem­
perature, in exact analogy to the CW behavior of the 
susceptibility. 
In the ordered (ferromagnetic or antiferromagnetic) 
state of a substance characterized by localized moments 
the spins are all aligned, whether in the presence of an 
external field or not. The interaction between any two 
spins favors their complete alignment, either parallel or 
antiparallel to one another, and if the temperature is low 
enough to suppress the effect of thermal agitation, then 
the full ordering of the spins is realized. During the 
time periods of interest the spins can be considered to be 
static and not changing direction. Then a nucleus sees 
the full strengths of the dipole fields of the local moments 
in its vicinity; these are all in the same direction in a 
ferromagnet (all nearest neighbors would be, for some simple 
antiferromagnets) so they add to a very large value. The 
situation is similar for all nuclei, so they see essentially 
the same field. This internal field is usually comparable 
to or much larger than fields that can be applied experi­
mentally; the Larmor frequency of the resonance condition 
takes on a correspondingly large value. Now a different 
experimental technique is required to detect the resonance, 
but it is still a rather narrow and readily observable line 
despite the ordering of the spins. 
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C. Itinerant Electron Antiferromagnetism 
The magnetic behavior of the alkali and noble metals— 
or lack of it—is fairly easily explained. The single un­
paired s-electron of the free atom goes into the conduction 
band of the metal. The remaining electrons are all paired, 
and there is no net moment on the ions. The conduction 
electrons give rise to a weak temperature independent Pauli 
paramagnetism and the metals have no tendency to order 
magnetically. 
The rare earth metals comprise a contrasting group whose 
magnetic behavior is nonetheless easily characterized. Their 
outer electronic structures are 6s^5d^4f^. In the metals the 
three s and d electrons go into the conduction band; the 4f 
electrons remain completely localized on the ions to form 
large magnetic moments. The susceptibilities are large and 
show CW-like temperature dependence in their paramagnetic 
regions. As a result of the large local moments in them most 
of the rare earth metals order magnetically at sufficiently 
low temperatures. 
Such a generalized description of the magnetic behavior 
of the transition metals cannot be made. For the 3d series, 
for examplef the outer electron configuration is 4s^3d^. The 
three metals, iron, cobalt, and nickel, all order ferro-
magnetically and show CW susceptibility above their transition 
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temperatures, but the local moments in them do not cor­
respond to any simple division of the outer s and d elec­
trons as to itinerant or localized behavior. In the ma­
jority of the other transition metals magnetic ordering 
does not occur. Even for these, however, not all the s and 
d electrons can be considered to go into conduction bands, 
but the temperature-independent susceptibilities suggest 
that localized electronic moments are not formed in them 
either. 
Chromium metal had been especially perplexing. Its 
susceptibility shows the nonmagnetic temperature-independent 
behavior at virtually all temperatures. However, neutron 
diffraction studies by Shull and Wilkinson (7) showed that 
it orders antiferromagnetically, despite the presence of 
only small local moments in the ordered state—only about 
0.4P per atom, they reckoned. Further work with single 
crystals (8) and with very pure powders (1, 9) corroborated 
what anomalies in several physical properties of the metal 
(10, 11) had already suggested, namely, that chromium goes 
from a paramagnetic to an antiferromagnetic state at 311°K. 
It was further verified (12) that there are no local moments 
present in the paramagnetic state of the metal. 
Tlie nature of the ordered state of chromium is now 
fairly well understood and is known to result from its 
peculiar electronic band structure. Due to a special 
18 
combination of circumstances the conduction electrons, 
called itinerant to distinguish them from electrons lo­
calized on the metal ions, form a collective state char­
acterized by a uniform charge density but a periodically 
varying spin density, called a spin density wave (SDW). 
Along one of the three crystalline axes of the body-centered 
cubic structure the density of the conduction electron spins 
is found to vary sinusoidally with distance, with a wave­
length that is incommensurate with the lattice spacing. 
The small measured moments are not localized at all. The 
metal is obviously in an ordered magnetic state but one 
whose susceptibility and other physical properties might be 
expected to differ little from those of the paramagnetic 
state. In fact, but for the anomaly to be expected at the 
Ndel point, the antiferromagnetism might well go undetected. 
What would be the result of observing the NMR of the 
53 
magnetic Cr nuclei as a function of temperature in a 
powdered sample of this itinerant-electron antiferromagnet? 
One can predict the outcome: in the ordered state the 
sinusoidal variation of the collective magnetic moment of 
the conduction electrons produces internal magnetic fields 
that vary from nuclear site to nuclear site along a lattice 
direction. Because the wavelength of the variation differs 
slightly from the lattice spacing, a nucleus will see a 
hyperfine field slightly different from that seen by its 
19 
neighbors along a cube edge. A wide range of hyperfine 
field values is experienced by the nuclei according as the 
SEW varies throughout the lattice. The result should be to 
spread the NMR signal over such a wide range of field values 
as to make its detection practically impossible. 
Above the Wei point the resonance should be readily 
observable. The measured susceptibility of the metal sug­
gests only weak paramagnetism and is virtually temperature-
independent. The Knight shift is proportional to the sus­
ceptibility, so the shift of the resonance should be fairly 
constant as the temperature is lowered. 
Similarly the width of the NMR line should not change 
significantly with temperature. For example. Drain (13) has 
shown that the bulk magnetism of a powdered sample in a mag­
netic field gives rise to an inhomogeneous distribution of 
fields within the sample. This contributes to the width of 
the resonance line an amount AH that is proportional to the 
bulk susceptibility. He estimates that 
AH = 3XH , 
where X is the volume susceptibility and H is the applied 
field. For chromium metal this is only about 1.0 Oe at 
H = 16 kOe, comparable to or smaller than any of the "non­
magnetic" temperature-independent sources of broadening such 
as the nuclear dipolar linewidth. This is a reflection of 
20 
the complete lack of local moments in the paramagnetic 
state of the metal. 
This speculated behavior of the NMR of chromium proves 
to be correct. Barnes and Graham (14) observed the NMR of 
53 Cr in isotopically enriched chromium metal powder and Fig­
ure 1 shows their results. The resonance is undetectable 
below the N^el temperature of 311°K (38°C); in the para­
magnetic state the resonance is readily observable and of 
constant amplitude for high temperatures. As T^ is approached 
the signal is extinguished within a relatively narrow tem­
perature range. They also observed no broadening or shift­
ing of the resonance line with decreasing temperature, as 
the absence of local moments suggests. 
The alloying with chromium of metals near to it in the 
periodic table has been part of the effort to further under­
stand the nature of the SDW state (1, 3). In particular, 
the addition of small amounts of vanadium is found to lower 
the Nëel temperature of the system approximately linearly 
with vanadium concentration. The temperature behavior of 
the NMR of the nuclei in these alloys has the same es-
53 
sential features as that of the Cr nuclei in the unalloyed 
metal (14). 
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Figure 1. ^^Cr resonance amplitude vs. temperature in 
chromium metal powder 
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III. EXPERIMENTAL ASPECTS 
A. The Wide-Line NMR Equipment 
For all "slow passage" or conventional NMR experiments 
the technique used was the crossed-coil induction method first 
described by Bloch, Hansen, and Packard (15). A simplified 
block diagram of the setup as used with the larger (15-inch) 
magnet is shown in Figure 2 and described below. The crossed-
coil probes used were those of Varian Associates, model 
V4230B. For much of the work an 8 to 16 MHz probe was used 
at frequencies up to 28 MHz by reducing the inductances and 
capacitances of the tuning circuits and connecting cables. 
One or the other of two spectrometers and two magnets 
was used throughout. The high-field work was performed on 
a Varian Associates V3800 series 15-inch electromagnet, with 
a Fieldial Mark II magnetic field regulator and a VFR2515 ex­
ternal sweep adapter for controlling the magnetic field scan. 
This unit is capable of producing magnetic fields up to 25 
kOe stable to one part in 10^. The spectrometer used with 
this magnet was one developed by Torgeson and can be used 
for frequencies from 2 to 90 MHz (16). The experiments were 
performed at constant frequency; the source of the rf sig­
nal to the spectrometer was a crystal oscillator whose out­
put frequency remained stable to within 1 Hz in 10^ over a 
period of twelve hours, as measured by a Computer Measurements 
MAGNETIC 
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SIGNAL MAGNET 
DATA 
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Figure 2. Block diagram of the experimental arrangement for the slow 
passage NMR experiment 
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Corporation model 880B frequency counter. The NMR signal 
from the spectrometer was detected with a lock-in amplifier 
of conventional design, so that the derivative of the actual 
absorption shape was detected. 
The method of signal averaging as described by Torgeson 
(17) was used to enhance the signal-to-noise ratio for all 
experiments. The heart of the system was an RIDL model 24-2 
400-channel analyzer. During any one repetition of the experi­
ment (one time-linear "pass" through the 400-channel memory) 
a ramp voltage from the analyzer was used to linearly scan 
the magnetic field, via a linear DC amplifier and the VFR2515 
interface unit. Simultaneously, the detected NMR signal 
voltage from the lock-in amplifier was converted to a fre­
quency by a modified Vidar model 241 voltage-to-frequency 
converter and then stored as information in the appropriate 
channel of the analyzer memory. After an appropriate delay 
between passes this process was repeated n times until the 
signal-to-noise ratio, S/N, was satisfactory, where 
S/N a ^/n 
The resultant data were then plotted on an x-y recorder. 
The other of the two magnets used was a 12-inch Varian 
Associates model V4012A with a model V2100A power supply, 
furnishing fields up to 17 kOe. In this case the field 
scanning was accomplished by direct connection to the power 
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supply from the DC amplifier. One of two spectrometers, 
the one described above or a Varian Associates model V4210A, 
was used in conjunction with this system. Frequencies were 
counted with a Monsanto model llOA programmable counter. In 
all other respects the system was the same as that used with 
the 15-inch magnet. 
The slow passage method was used for all experiments 
concerned with lineshape studies and Knight shift measure­
ments. In such cases the total 400-channel scan time for 
one pass was always greater than four minutes, to assure 
faithful lineshape reproduction. 
For the slow passage experiment the phase-sensitive 
detection (lock-in amplifier) method was used, so the mag­
netic field was audio-modulated in the standard way (15) by 
Helmholtz coils in the Varian probe. The amplitude of the 
modulation field was kept at 4 Oe or less for all lineshape 
study and Knight shift measurement experiments to minimize 
instrumental distortions. 
Besides the slow passage method a nonadiabatic fast 
passage (NAFP) technique was used for temperature measure­
ments which employs the same spectrometer analyzer system 
but uses a different method of detection. In this case the 
linear ramp voltage from the analyzer that had been used 
during phase-sensitive detection to sweep the electromagnet 
was fed instead through a power amplifier to the modulation 
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coils of the probe. In this way the time-linear passage of 
the magnetic field through the resonance value is accomplished 
outside the magnet power supply and therefore can be done 
very rapidly. To detect, the signal from the spectrometer 
receiver, after some amplification, is fed directly to the 
voltage-to-frequency converter and then to the analyzer, with 
the result that the actual absorption, instead of its deriva­
tive, is recorded. Truly fast passages—down to 12.8 msecs/ 
pass—are obtained, allowing many hundreds of passes in less 
than a minute. At the cost of some lineshape distortion, 
large, relatively noiseless signals can be obtained in a 
short time, for experiments where signal amplitudes are to 
be compared. One of two power amplifiers, a Ling model TPlOO 
or an Optimation model PA50, was used to drive the modulation 
coils. 
The NAFP technique was used for most experiments in 
which the intensity of the NMR line was studied as a func­
tion of temperature. The technique is so fast that a large 
signal can be stored in 15 or 20 seconds, virtually elimi­
nating any serious time-dependent temperature variation in 
the sample that could be a problem with the slower phase-
sensitive detection method. However, the latter method was 
used for certain of the temperature measurements where the 
linewidth of the NMR spectrum prohibited use of the NAFP 
technique: due to eddy currents in the metallic probe it 
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is not practical to operate the modulation coils at magnetic 
amplitudes greater than about 60 Oe, so NMR lines of widths 
comparable to this are difficult to study with the fast tech­
nique. This was the case for all temperature measurements 
made of the vanadium spectra of this system. 
B. The Temperature Equipment 
1. The helium gas-blowing system 
The equipment used for making variable-temperature NMR 
measurements was essentially that described above, with 
slight additions. The method used was to blow cold helium 
gas over the sample as the experiment was being performed. 
The standard Varian Associates probe was used with a 
few selected parts of the Varian Associates V4257 variable 
temperature system; the arrangement is shown in Figure 3. 
The principal part is the dewar insert, a double-walled 
glass pipe open at both ends that fits up through the sam­
ple chamber of the probe and which serves to insulate the 
probe from the cold sample temperatures. Samples are con­
tained in a 10 mm OD glass tube, with the end closed by a 
cork stopper, vented to allow for contraction and expansion 
of gases within the sample tube as temperatures are varied. 
Between stopper and tube are wedged the wires of a copper-
constantan thermocouple whose temperature-sensing junction 
is placed at the center of the sample volume. 
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Figure 3. The helium gas blowing set-up for variable-
temperature NMR experiments 
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The dewar insert has three openings, but it was being 
used here somewhat differently from the way for which it was 
designed. The bottom opening was sealed and usually left 
unused, although a second thermocouple was sometimes in­
serted through it into the gas flow to measure temperature 
gradients. One end of a liquid-helium transfer tube was in­
serted into the top opening of the insert and the opening 
sealed with putty (Apiezon Sealing Compound Q); the thermo­
couple leads passed through the putty seal. Helium gas 
from the transfer tube was then made to flow down the inside 
of the insert, around the sample tube, and out the side 
opening of the dewar, where the gas was recovered. 
The other end of the transfer tube was placed in a 50-
liter liquid-helium dewar, so that its end was above the 
liquid; a 150-watt heater was dropped in the liquid to pro­
vide for controlled boil-off; and the whole was sealed to 
form a closed volume with the sample chamber. Temperature 
at the sample was a function of the helium gas-flow rate, so 
temperatures were varied by varying the power to the heater. 
After an initial 5- to 10-minute period of pressure build-up 
within the system, temperatures normally equilibrated within 
one to four minutes of any change in heater power, depending 
on the temperature. Lower limits of about 15°K could readily 
be reached for any given run; 9°K was the lowest ever achieved. 
The setability of the temperature with this scheme was not 
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good, but neither was it essential. NMR signals as func­
tions of temperature were the main goal of the apparatus, 
and changes of several degrees in the temperature could be 
made easily and equilibrated quickly, as desired. 
The copper-to-constantan thermocouple junctions were 
spot welded rather than soldered, and the resulting thermo­
couple was calibrated at the boiling points of liquid helium 
and liquid nitrogen and the melting point of solid benzene. 
The result was fitted by computer to standard thermocouple 
curves to obtain a temperature vs. voltage table for the 
range 0 to 400°K. 
Thermocouple voltages were read with a Leeds and 
Northrup model 7554 Type K-4 potentiometer and an external 
standard cell, with a Keithley model 155 microvoltmeter used 
as a null detector. Activating the potentiometer detector 
key induced large spurious voltages at the receiver coil of 
the probe, because of the location of the thermocouple at 
the center of the sample. Temperature measurements could 
not be made during the actual signal gathering process, so 
the temperature was recorded immediately before and after 
each run and the average of the two readings taken. 
Both the standard slow passage and the NAFP techniques 
were used for signal gathering during variable-temperature 
experiments. For slow passage experiments the total signal 
gathering time for a single temperature run ranged from 32 
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seconds for some experiments to 320 seconds for others, 
with a maximum temperature drift during any run of 1.6 
degrees and an average of about 0.8 degrees. Total run 
time for NAFP experiments was always 18 seconds, with 
average temperature variations of about 0.4 degrees. 
2 .  The liquid helium cryostat 
Under the most favorable conditions the lowest attain­
able temperature with the gas-blowing system was about 9°K 
so that in some cases it was desirable to make measurements 
on samples in a liquid helium bath. A diagram of the glass 
dewar used is shown in Figure 4. 
The main body of the dewar consists of an innermost 
reservoir for liquid helium surrounded by a thin vacuum 
jacket, with this inside a liquid nitrogen reservoir sur­
rounded again by a vacuum wall. The two vacuum jackets have 
a common connection and are evacuated through a glass valve, 
usually to 10"^ torr. With nitrogen in the outer chamber 
the five liters of liquid helium in the inner pot have a 
hold time of over eight hours. 
The tail of the dewar contains the sample within a ny­
lon holder, attached to a long stainless-steel tube that ex­
tends out of the dewar and allows for external rotation of 
the sample in the bath. The tail diameter is such that it 
just fits into a standard Varian probe; because of size 
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Figure 4. The liquid helium cryostat 
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limitations it has no outer nitrogen pot, so the inner walls 
of the vacuum jacket in the tail are silvered to reduce 
radiant heat losses. However, to permit rf fields to pene­
trate to the sample the silvering is scribed off in a square 
grid pattern. 
The same dewar was used for some measurements at 77°K, 
for which both reservoirs were filled with liquid nitrogen. 
C. Samples 
The results reported here are from NMR studies on sam­
ples that were prepared in either of two very different ways 
by two independent research groups. The first class of sam­
ples were prepared in the Metallurgy Division of the Ames 
Laboratory and will be referred to as the Ames Lab samples. 
Each of these is labelled by its own number, such as "QM-30", 
for identification purposes. 
The second class of samples are referred to as the 
French samples. For a susceptibility and specific heat 
study of the V^Cr^ system a large number of samples 
were prepared by J. Castaing and his co-workers in France 
(5). Of these, six were made available for the NMR studies 
reported here, and these are identified by the numbers F-1 
through F-6. The preparation and analyses of the two 
classes of samples will be discussed separately. 
Some measurements are referred to here that were made by 
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Creel and reported elsewhere (18), specifically his results 
on the temperature behavior of the pure chromium diboride. 
He used two samples for that work. One, purchased from 
Alpha Inorganics, was of nominal purity 99% and will be re­
ferred to as the a-Inorganics sample. The other was pre­
pared in the Ames Laboratory (NM-189) by the arc-melting 
method described below, using the same constituents as listed 
there. 
Table 1 lists all the samples which will be discussed. 
1. Ames Lab samples 
a. Preparation The boron used was purchased from 
Cooper Metallurgical Associates and was of stated purity 
99.5+% (448 ppm Fe). The chromium was from Chromailoy 
Corporation and was quite pure (10 ppm Fe). The vanadium 
was prepared in the Ames Laboratory by a process developed 
in the Metallurgy Division (19) and was analyzed at 50 ppm 
Fe. 
To prepare the samples, the constituent elements were 
mixed in stoichiometric amounts, the boron as a coarse powder 
and the vanadium and chromium in small chunks; the mixture 
was then arc-melted to a uniform button. For two of the 
samples (QM-24 and QM-31) the button was subsequently annealed 
in an evacuated tantalum crucible for 17 hours at 1500°C. In 
all cases the buttons were then crushed to powders with, in 
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Table 1. List of samples studied, with estimates of 
of impurity phase present® 
amounts 
Vanadium 
concentration 
Sample R® S* T® 
Source^ ID No. (Sly) (x-ray) 
0.00 a 
0.00 AL NM-189 
0.005 AL RM-112 0.00 0.36 
0.01 AL QM-115 0.00 0.50 
0.02 AL NM-226 0.00 0.00 0.03 
0.04 AL QM-24 0.35 0.65 0.45 
0.04 AL NM-299 0.10 0.08 
0.08 AL QM-31 0.90 1.00 1.33 
0.08 AL NM-300 0.20 0.04 
0.00 F F-1 
0.05 F F-2 0.22 0.13 0.08 
0.10 F F-3 0.45 0.15 0.13 
0.15 F F-4 0.70 0.25 0.20 
0.20 F F-5 0.50 0.11 0.18 
0.25 F F-6 0.70 0.09 0.13 
^See text for explanation. 
is Alpha Inorganics, AL is Ames Lab, and F is French 
workers (5). 
36 
turn, a steel and a ceramic mortar, to particle sizes of 
less than 44 microns. Iron impurities introduced by crush­
ing with the steel mortar were removed by repeatedly passing 
the powders between the poles of a small permanent magnet. 
b. Analysis Metallographic pictures, electron 
microprobe examinations, x-ray diffraction measurements, 
and chemical analyses were used to analyze the structure 
and composition of samples. Metallographic pictures made 
from the arc-melted buttons show grain sizes that vary from 
a few microns to several hundred microns but otherwise fur­
nish little information about the character of the samples. 
Electron microprobe examinations were made of the 
chromium and vanadium metal distributions in all the sam­
ples and of the boron distribution in some. In all cases 
the chromium and boron appear to be uniformly dispersed in 
the samples, but as a rule the vanadium distributions are 
somewhat spotty or show clustering to some extent. 
For all samples of nonzero vanadium concentration, x-
ray analyses were made on 325 mesh powders using Cu 
radiation and a Debye-Sherrer camera. The relative inten­
sities of the lines on any x-ray film were estimated by 
eye and assigned one of the seven values VS, S, MS, M, MW, 
W, VW, where these are arranged in decreasing intensity and 
S = strong, M = medium, W = weak, and V = very. 
Virtually all the lines in any of the samples reported 
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here can be indexed as those of CrBg or Cr^B^. Also, in 
every x-ray pattern a pair of lines appears, with d-values 
of 0.822 (L^) and 0.802 (Lg)' that cannot be identified 
(they're not camera lines) and whose intensities range from 
M to S. A rough estimate of the fraction of the sample 
that is CrBg can be made from the x-ray films by assigning 
numerical values to the intensity designations VS, S, MS, 
etc., and then summing the intensities of the lines indexed 
as CrBg. The estimate is even less accurate due to the fact 
that two strong lines of CrB^ coincide with two of the four 
most intense Cr^B^ lines. Each sample will now be discussed 
briefly. 
The X = 0.005 sample is primarily CrBg, estimated to 
be about 70% of the total. and are of M intensity, 
and the remainder, about 25%, is Cr^B^. 
The X = 0.01 sample is about 60% CrBg, 30% Cr^B^, and 
the remainder unidentifiable. Lines and are of M 
intensity. 
The cleanest sample of the lot is x = 0.02. It has 
the fewest lines in its x-ray pattern and nearly all index 
as CrBg (some 80%). There is no detectable amount of Cr^B^ 
present, but the lines and Lg appear again with intensity 
M, about 15% of the total. 
Lines L^ and Lg are their most intense in the x = 0.04 
(QM-24) sample—MS and S, respectively. Fifty percent is 
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CrBg, one-third is Cr^B^. amd the remainder is at and . 
The rough estimate shows that the x = 0.08 (QM-31) sam­
ple has about as much Cr^B^ as CrBg—40% each. and are 
of M intensity; some 10% is unidentifiable. 
Two samples on which only limited measurements were 
performed are among the cleanest. A second 4%-vanadium sam­
ple (NM-299) is estimated to be over 80% CrBg with only 6% 
Cr^B^. In it lines and are MW and M. The other is 
the final Ames Lab sample, with x = 0.08 (NM-300). It x-
rays as 80% CrBg and about 3% Cr^B^, with and of M 
intensity. 
For each sample the amount of Cr^B^ present, relative 
to CrBg, can be estimated from the percentages deduced from 
the x-ray films. The ratio S is defined as 
and is listed for all samples in Table 1. 
Finally, chemical analysis was performed on samples 
NM-299 (x = 0.04) and NM-300 (x = 0.08). In both, the 
vanadium-to-chromium ratio was very close to nominal (with­
in 4%), but the boron content was ten percent in excess of 
the nominal amount. 
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2. French samples 
a. Preparation The six French samples were all 
prepared by J. Castaing and co-workers in France (5). The 
sample F-1 (pure CrBg) was made by sintering under vacuum 
chromium metal powder (135 ppm Fe) and boron powder (500 
Pfxn Fe). The remaining five samples, F-2 through F-6, were 
prepared by sintering mixtures of boron (500 ppm Fe) and 
arc-melted vanadium-chromium alloy powders. The alloys were 
made from vanadium with 80 ppm Fe and chromium with less 
than 20 ppm Fe. 
b. Analvsis The French workers checked the metal 
content of their samples by either chemical or microprobe 
analyses and found it to differ by less than one percent 
from the nominal compositions. Our electron microprobes of 
these samples give no such quantitative information but in­
dicate that generally the vanadium metal distribution in 
them is more uniform than it is in the Ames Lab samples. 
X-rays of the French samples were made by Castaing and 
by us and our results indicate that they are all very clean, 
in agreement with their work. All five of the mixed 
diborides are estimated to be at least 70% CrBg, with another 
ten percent or more of the intensity due to and Lg in all 
cases. The unidentifiable remainder is always small and 
cannot be satisfactorily indexed as being due to Cr^B^. 
For these samples, S is defined as the ratio of the 
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estimated fraction of the unidentifiable x-ray intensity 
to the fraction identified as CrBg and is listed for each 
case in Table 1. 
D. Susceptibility Measurements 
The magnetic susceptibilities of two of the Ames Lab 
samples were measured at room temperature using the Faraday 
method. An Ainsworth model 24-N balance was used to measure 
the magnetic force on a sample suspended in a known magnetic 
field gradient. The gradient was produced by the sculptured 
pole faces of a Varian model V4007-1 six-inch electromagnet. 
For a given sample the force is measured at five different 
field values, all above the saturation field of iron. The 
resulting data yield a straight-line plot whose intercept 
gives the sample susceptibility and whose slope is propor­
tional to the ferromagnetic content of the sample, usually 
taken to be iron impurities. 
For two other samples the susceptibility was measured 
as a function of temperature. The work was performed in 
France by Castaing et (5), using a Faraday microbalance 
apparatus whose temperature could be varied from 4 to 300°K. 
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IV. RESULTS 
A. NMR Studies 
The Knight shifts of the boron resonances in the 
transition-metal borides, which include the system studied 
here, are typically very small compared to the transition-
metal shifts, on the order of only 0.04% in magnitude. A 
consequence is that little information is to be gained by 
studying the room temperature spectra. Even for samples 
in which the boron nuclei occupy two or more different lat­
tice sites, their shifts are so small that their resonances 
are superposed on one another and their individual shifts 
cannot be measured. Therefore the room-temperature NMR of 
was not studied. 
However, the temperature dependence of the boron 
resonance does yield information about the system and will 
be discussed fully. Also, both the room temperature and 
the variable temperature spectra of in the mixed 
diborides were studied. These three aspects of the NMR 
studies are discussed separately in this section. 
The chromium resonance was not studied at all. The 
combination of low natural abundance, small gyromagnetic 
ratio, and probable large quadrupole coupling for the mag-
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netic Cr isotope make its resonance unobservable in these 
samples. 
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1 .  Vanadium room temperature spectra 
In all the samples of this system the room temperature 
spectra without exception show the presence of one or 
(usually) both of two distinct NMR lines. Their shift values 
are always -0.13% (referred to as K^) and -0.23% (Kg). It 
should be noted that neither of these lines has the shift 
value of in the pure vanadium diboride, which is -0.33%. 
Some traces of an x = 0.08 (QM-31) sample shown in 
Figure 5 illustrate the behavior typical of the vanadium 
spectra of the system. In this case what appears to be a 
single-line derivative shape at low frequencies begins to 
pull apart as the frequency is increased until at high 
enough values it shows what appears to be two separate 
derivative shapes overlapped. The relative intensities of 
the two lines are about one-to-one here but as a rule vary 
from sample to sample for the system. 
To test this interpretation of the data a computer was 
used to generate lineshapes of the type assumed to be occur­
ring in the experimental spectra. Two symmetric lines of 
relative intensities A to B were separated by a distance D. 
Both lines were broadened by the same gaussian function 
G (en)/ of width a, taken to represent the isotropic dipolar 
broadening of the lines. The function F(cù) was then formed 
by positioning the centers of the two lines A and B at 
+D/2 and -D/2, so that 
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Figure 5. Experimental traces of the spectrum in an 
X - 0.08 sample at four different frequencies 
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The derivative of this function was then plotted as both D 
and the ratio A/B were varied, until a large catalog of 
synthetic spectra was generated. 
For a given A/B ratio the lineshape varied as D was 
increased in the same way that the experimental spectrum of 
a given sample varied with increasing operating frequency v. 
This is illustrated in Figure 6, a series of synthetic 
traces that are to be compared to the experimental shapes 
of Figure 5. The obvious similarity between the actual and 
the synthetic shapes, for this and for all other samples, 
was taken to be sufficient proof that the vanadium spectra 
were indeed composed of two simple isotropic NMR lines. 
Also, the matching of computer traces with experiment made 
possible accurate calculation of the shifts and Kg and 
provided an estimate of the relative intensities of the two 
lines for the various samples. 
The situation was complicated somewhat by the presence 
of field-dependent broadening of the vanadium spectra. An 
example will illustrate this problem. Referring to Figures 
5 and 6, the experimental trace at v = 16 MHz corresponds to 
the synthetic curve for which D = 0.55. The matching of this 
SYNTHETIC LINESHAPES 
F = G_+&9G + 
-1.0 
(cJtD/g)*' 
=0.37 
Figure 6. Computer-generated V spectra, representing the same 
theoretical sample but several different frequencies 
(D-values) 
4^ 
cn 
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and other pairs is done by comparing various peak heights 
and spacings as measured on the respective curves. Like­
wise the experimental trace at v = 26 MHz is to be matched 
with the computer curve with D = 0.60. In theory, according 
to this two-line interpretation, the spacing D between the 
lines is proportional to the frequency v of the experiment, 
so one would expect that for the example above 
y. - 16 V _ 26 
D ~ 0.55 ' D " 0.60 
which is obviously not true. However, consider the same 
ratios for the two traces at v = 8 and 11 MHz, whose cor­
responding synthetic curves have spacings D = 0.38 and 0.45 
respectively. The two ratios are 
ÔÛ&7 ~ 21.6 / 0% ~ 24.4 
very nearly equal. This can be explained as follows. The 
NMR lines have some intrinsic broadening or zero-field width, 
whose magnitude depends on the arrangement of the nuclei in 
the lattice and does not change as the applied magnetic 
field is changed. This field-independent line width is 
just the dipolar broadening, and it accounts for the full 
width of the lines at 8 and 11 MHz. However, a second type 
of broadening is present whose magnitude is not fixed, but 
varies, roughly linearly, with changes in the applied mag­
netic field. For the case being considered, the amount of 
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this broadening becomes comparable to the dipolar width at 
frequencies (and corresponding applied fields) somewhere be­
tween 11 and 16 MHz; above 16 MHz the linewdith is due fully 
to this field-dependent effect. 
The cause of this field-dependent broadening is not 
fully understood, and discussion of it is deferred until the 
next section. 
It was found in general, for all the samples studied, 
that the relative amplitudes of the two lines and Kg vary 
irregularly with vanadium concentration, x. In fact, the 
line Kg does not appear to any measurable extent in the 
three most dilute samples, x = 0.005, 0.01, and 0.02; its 
amplitude then appears to grow with x in two of the remain­
ing four Ames Lab samples; at x = 0.08, in QM-31, it's 
equally as intense as line K^. The lineshapes are illus­
trated in Figure 7. This shows the vanadium spectra from 
equal amounts of four different samples as run under iden­
tical experimental conditions, so that their total signal 
intensities can be compared directly. 
In each of the five mixed French samples both lines, 
Kj^ and Kg, appear, with varying relative amplitudes but 
with Kj^ always the more intense. 
If in any sample the lines at K^ and Kg have measur­
able amplitudes A and B, respectively, then their ratio. 
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^'V RESONANCE INTENSITY IN VyCri-xBg SAMPLES 
UNDER IDENTICAL EXPERIMENTAL 
CONDITIONS / \ 
X'O.OI 
X»0.02 
X.0.04(QM-24) 
X.0.08 (OM-31) 
K-0.23 % 
23,221.4 23.247.0 23,298.3 
Figure 7. A comparison of the V spectra of four Ames Lab 
samples as performed under identical experimental 
conditions 
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provides a useful measure of their relative intensities. 
The value of R for all samples is listed in Table 1. 
2. Boron variable temperature spectra 
It can be concluded on the basis of the extinction of 
the ^^B resonance amplitude that the samples at the chromium-
rich end of this system without exception undergo a magnetic 
transition. The effect was first noted in the pure chromium 
diboride (2) and is shown in Figure 8. The plot of the 
resonance amplitude vs. temperature indicates that within a 
10 degree temperature range some sort of magnetic structure 
change occurs that causes the complete extinction of the 
resonance amplitude. 
From this figure the temperature of the transition is 
deduced to be 88°K. Because of the finite width of the 
transition some procedure had to be chosen for determining 
its actual temperature. For this sample a straight line 
that best approximated the slope in the transition region 
was extrapolated to zero intensity to determine T^. This 
sample procedure, applied to the resonance extinction in 
chromium metal and V-Cr alloys (14), where the transition 
is much wider, gives a Ndel temperature that agrees well 
with the value determined by other methods and so was used 
for all cases in this work. 
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showing the transition to the ordered state, 
a-Inorganics sample 
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When vanadium metal is alloyed with CrBg, two features 
of the amplitude vs. temperature behavior are changed: the 
transition temperature, T^, is lowered, and the width of the 
transition increases. This behavior is illustrated for the 
three Ames Lab samples, x = 0.02, 0.04 (QM-24), and 0.08 
(C3M-31) in Figures 9, 10, and 11, respectively. The widths, 
of the transitions are all about 40 degrees and are 
listed along with their Ndel temperatures in Table 2. 
The same transition occurs in all six French samples 
and is shown in Figures 12 through 17. The widths and 
transition temperatures for these are also listed in 
Table 2. 
It should be pointed out that in a number of the transi­
tions illustrated here not all of the boron resonance ampli­
tude is extinguished. Most notable are the x = 0.04 (QM-24) 
and 0.08 (QM-31) samples of Figures 10 and 11; in the latter 
about half the amplitude remains. Of no less interest are 
the French samples, on account of the nearly complete ex­
tinction of the resonance in them. This aspect of the sam­
ple behavior will be discussed in the next section. 
The transition in the pure CrBg French sample of Figure 
12 is especially noteworthy for its width. The results of 
Creel's work on the a-Inorganics sample shown in Figure 8 
and on the Ames Lab sample (NM-189) of the pure CrBg (18) 
indicate a rather narrow transition of only 10 degrees' 
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Table 2. Transition temperatures and transition widths 
for the various samples studied 
Vanadium T^ AT Line Kp 
concentration ID Number present 
X K K at 4.2 K? 
0.00 
0.00 
0.02 
0.04 
0.08 
0.00  
0.05 
0.10 
0.15 
0.20 
0.25 
NM-189 
NM-226 
QM-24 
OM-31 
F-1 
F-2 
F-3 
F-4 
F-5 
F-6 
88 
88 
70 
47 
20 
69 
62 
43 
25 
12 
10 
10 
10 
38 
38 
46 
39 
32 
20 
26 
38 
42 
Yes 
Yes 
Yes (?) 
Yes 
Yes 
No 
No 
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width; work done on yet a third sample, obtained from 
Materials Research Corporation, showed the same narrow ex­
tinction range.^ That the magnetic transition in the CrBg 
of the French workers is so broad might be attributed to 
the presence of large amounts of iron impurity in it, ex­
cept that its iron content, nominally 378 ppm, is hardly 
more than that of the Ames Lab sample (NM-189), some 302 
ppm. 
The amplitude vs. temperature measurements are quite 
reproducible. Data for the transition in the x = 0.08 
(QM-31) Ames Lab sample were taken twice, with a period of 
several months between runs, and the results of the two ex­
periments are essentially identical. 
A characteristic of the magnetic transitions observed 
in this system is the complete lack of broadening or shift­
ing of the resonance line as the temperature is lowered 
toward T^. This behavior is common to every sample studied 
and is illustrated by the typical behavior of the boron 
resonance profile in the x = 0.05 French sample; Figure 18 
shows it for temperatures in the transition region for that 
sample. The horizontal is the ragnetic field axis and is 
the same for each trace. The resonance undergoes no meas­
urable shift and retains a constant width throughout the 
^R. Creel, Dept. of Physics, University of Akron, Akron, 
Ohio. Private (Communication. 1971. 
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Figure 18. This shows the resonance extinction for 
decreasing temperature and identical field 
scans. The resonance is unbroadened and 
unshifted by the transition 
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extinction process. 
3. Vanadium variable temperature spectra 
The typical two-line vanadium spectra of the samples of 
this system were found to be functions of temperature and so 
were studied to the extent that it was practicable. The 
resonance lines are weak and require relatively long signal-
gathering times, and low field-modulation values must be 
used to retain the individual identities of the two vanadium 
lines. The result is that only partially complete data could 
be taken on this aspect of the system's behavior. 
The two vanadium lines, = -0.13% and Kg = -0.23%, 
present in most of the samples behave differently as func­
tions of temperature. At 4.2°K the line is absent from 
the spectra of all samples for which x > 0.02 (the other 
three nonzero-x samples were not run at liquid helium tem­
perature) , while the line remains in some but not in 
others. 
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To observe the disappearance of the line K^, the V 
spectrum in the x = 0.08 (QM-31) sample was monitored as 
the temperature was lowered. The result of plotting the 
amplitude of this line vs. temperature is shown in Figure 
19. In spite of the relatively poor signal-to-noise ratio 
for each run, the resultant data clearly indicate a smooth 
extinction of the NMR line at about 50°K, whereas the 
3 
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51, Figure 19. The transition of the V line in x = 0.08 (QM-31) 
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line Kg does not disappear but continues to grow slowly as 
the sample is cooled to 10°K. Several other samples were 
investigated for this same behavior, but success was met only 
with the X = 0.10 sample; the results are shown, superposed 
on those of the above sample, in Figure 20. For this sam­
ple also, the line continued to grow down to 12°K. 
Because the lower limit of the variable temperature 
equipment was about 10 or 15°K, the vanadium spectra of all 
> ' ' 
samples for which x > 0.02 were also observed at liquid 
helium temperature. To make a comparative amplitude measure­
ment, a small amount of vanadium metal powder was mixed with 
some of sample QM-31 (x = 0.08) and the vanadium spectrum 
of the mixture was recorded at room temperature and at 4.2°K. 
Direct comparison proves that the line has disappeared 
and that remains, at an amplitude relative to the vanadium 
metal line that is the same as at room temperature, i.e., 
the line at Kg undergoes no noticeable change. 
In the French samples F-5 and F-6 (x = 0.20 and 0.25) 
the lines K^ and are both completely extinguished at 4.2°K. 
In the five samples x = 0.04 (QM-24), 0.05, 0.08 (QM-31), 
0.10, and 0.15 only the line Kg is present at liquid helium 
temperature. In these, the line is very strong and un­
mistakably present except in x = 0.05, for which the ampli­
tude is inexplicably low, especially compared to that of 
X = 0.04. These results are summarized in Table 2. 
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B. Susceptibility Results 
The susceptibilities of four samples were measured, 
but in two different ways. 
The susceptibilities of the x = 0.04 (QM-24) and . 
X = 0.08 (QM-31) samples were measured here, at room tem­
perature only, using the Faraday apparatus described. The 
values, along with ferromagnetic impurities, are listed in 
Table 3. 
Two other samples, x = 0.04 (NM-299) and x = 0.08 
(NM-300), were sent to J. Castaing and his co-workers in 
France for susceptibility measurements, and the results 
were returned to us. They measured X from 4.2 to 235°K 
for NM-299 and from 15 to 300°K for NM-300. The highest-
temperature values for both are listed in Table 3, and a 
plot of the reciprocal susceptibility vs. temperature is 
shown in Figure 21. 
Table 3. Magnetic susceptibilities of selected samples of the V^Cr^ -x®2 system 
Vanadium 
concentration 
X 
ID number 
X 
(10)"^ emu/gm 
T pjfxn ferro­
magnetic impurity, 
taken as iron 
Reference 
0.00 3.9 300 20 
0.00 Alpha 
Inorganics 
5.58 I I  230® 18 
0.00 F-1 5.59 " 378® 5 
0.04 QM-24 4.86 I I  522® This work 
0.04 NM-299 7.22 M  I I  
0.08 QM-31 4.6 I t  291® I I  
0.08 NM-300 6.74 235 11 
^ppm by atomic fraction. 
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Figure 21. Reciprocal susceptibility vs. temperature for two Ames 
Lab samples 
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V. DISCUSSION 
Both CrBg and VB^ have the hexagonal AlBg-type struc­
ture (Cgg or in which the metal atoms, V or Cr, form 
planes that are alternately layered between planes of boron 
atoms, as shown in Figure 22. The lattice constants (21, 
22) are very nearly equal: 
o o 
For CrBg, a = 2.969 A , for VBg, a - 2.994 A , 
o o 
c = 3.055 A , c = 3.052 A , 
c/a = 1.03 ; c/a = 1.020 
The stacking of the metal atom planes does not follow 
a close-packing sequence such as ABAB...but instead, with 
the boron planes K, follows the sequence AKAK.... Each metal 
atom has eight nearest-neighbor metal atoms, six in its own 
plane at a distance a and one each in the metal atom planes 
above and below at a distance c. There are twelve nearest-
neighbor boron atoms to each metal atom, at a distance of 
o 
2.30 A. 
Each boron atom is situated at the center of a regular 
trigonal prism whose vertices locate the six metal atoms that 
are its nearest neighbors. There are three nearest-neighbor 
o 
boron atoms in the boron plane that are 1.72 A distant. 
Figure 22. The hexagonal AlB^ structure of the y^Cr^_^#2 system. 
Small shaded circles are B atoms; large open circles, 
V or Cr atoms 
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A. The Two-Line Vanadium Spectrum 
1. Field dependent broadening 
There are two likely sources of line broadening in the 
samples of this system that would show the field dependence 
that is observed, and both are produced by the Knight shift 
mechanism. 
The first is the anisotropic Knight shift. As discussed 
earlier, nuclei located within a hexagonal structure are ex­
pected to possess an asymmetric NMR line whose width, in 
the absence of dipolar broadening, is a measure of the 
asymmetry between directions along the c-axis and directions 
in the hexagonal basal plane. The actual width AH is given 
(23) by 
AH = 3(K„ - I^)H^ 
so the resonance shape broadens as the frequency at which 
the experiment is performed, v = increased. For small 
anisotropy, K„ - Kj_, this width might be less than the dipolar 
linewidth and its presence disguised for weak applied fields . 
Then as is increased the anisotropy broadening would be­
come larger and result in a linewidth that increases pro­
portionately with field. This behavior is found to occur 
in some systems where the anisotropic mechanism is dominant 
(24) . 
The other source of broadening is an inhomogeneous 
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Knight shift that occurs in samples containing impurities, 
such as V ions in a CrBg lattice. As discussed by Lecander 
(25), the scattering of conduction electrons by the impurities 
gives rise to local variations in the hyperfine field, caus­
ing an inhomogeneous spread in Knight shift values for the 
bulk sample. The result is a line whose width is linear in 
the applied magnetic field H^. 
Both of these sources may be contributing to the line 
broadening. Because of magnetic field limitations it's not 
possible to distinguish between the two experimentally, but 
an argument can be made that pleads for the latter mechanism. 
In the compound VB^ the vanadium resonance shows no tendency 
whatever to broaden with increasing applied field (26). This 
is contrary to what one would expect for the hexagonal struc­
ture. It may be a result of the fact that c/a is nearly 
unity, resulting in very little anisotropy, although this 
is a rather simplified interpretation at best. Nonetheless, 
the anisotropic Knight shift is undetectably small in VB^ and 
so would be expected to be unnoticeable in the mixed diborides 
as well. The conclusion is that the inhomogeneous Knight 
shift is the source of the field-linear broadening that is 
observed in the ^ x^^l-x®2 
Identification of the lines 
The majority of the experimental evidence suggests that 
the two classes of samples, Ames Lab and French, while 
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similar in many respects, are in some ways inherently dif­
ferent and ought to be considered separately. 
The results of the studies of the Ames Lab samples 
clearly indicate that they are not pure CrBg but that in 
most cases an appreciable amount of the compound Cr^B^ is 
present. This is not in complete agreement with the find­
ings of Post et (4) in their study of the structural 
characteristics of the mixed vanadium-chromium diboride 
system. Their samples were prepared by hot-pressing the 
elemental constituents into small bars and passing high 
currents through the bars to heat them to their melting 
points. Using x-ray diffraction measurements of the lattice 
constants of the resulting samples, they estimated that the 
system is 100% soluble over its entire concentration range. 
The property of total solubility may not preclude the 
presence of a second phase; these workers make no mention 
of either the presence or the absence of such a phase in 
their samples. 
But the evidence that Cr^B^ is present in the Ames Lab 
samples is undeniable on three counts. First, the x-rays of 
these samples show it and provide a rough measure of the 
amount present, relative to the amount of the CrBg phase, 
expressed by the number S of Table 1. Second, the vanadium 
NMR spectra sbow two lines, whose intensity ratios R are in 
good agreement with the numbers furnished by the x-ray films. 
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The third point is the temperature data. 
It was mentioned above that shifts of the ^ ^B resonances 
in the transition-metal borides are typically small. In any 
given Ames Lab "two-line" sample, such as QM-31, it must be 
that there are actually three boron resonances, but all are 
superposed and indistinguishable due to their small shifts. 
One line is due to ^^B nuclei in CrBg and the other two to 
nuclei in Cr^B^, for there are two distinct boron sites in 
it (27). As the temperature is lowered, the boron resonance 
due to CrBg is extinguished, leaving those due to Cr^B^, as 
illustrated by Figures 10 and 11, for example. The amount 
of Cr^B^ present can thus be estimated from these plots. If 
A is the resonance amplitude just above the transition and B 
the amplitude just below, then the number T compares the 
amount of Cr^B^ to that of CrBg, where 
Its value for each sample is listed in Table 1. The rough 
agreement here with the numbers R and S is the third bit of 
proof that the dual nature of the Ames Lab samples is due to 
the presence of the two phases CrBg and Cr^B^. 
But while these three methods for probing the samples 
paint a clear picture of the Ames Lab samples, they make a 
muddled presentation of the French. The x-ray studies (the 
number S) and the ^ ^B temperature data (the number T) would 
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agree in saying that the samples are, for all practical pur­
poses, of the single phase CrBg. But the vanadium NMR spectra 
disagree. There are unmistakably two lines present in all 
samples. Figure 23 shows it for F-4 (x = 0.15) at 15 MHz, 
and Figure 24, for F-5 (x = 0.25) at 26 MHz. The amplitude 
of the line at is quite large; its ratio to that at 
gives a number R that is generally not in even rough agree­
ment with the numbers S and T furnished by x-rays and the 
boron NMR. The latter indicate there is no appreciable second 
phase; the vanadium NMR suggests there is. The line Kg in the 
French samples is all the more mysterious for being at the 
same shift value as the identifiable line in the Ames Lab 
samples. 
The temperature-dependent behavior of the line is also 
of interest. First, one can assume that the compound Cr^B^ 
does not order magnetically—there's no reason to think that 
it does. Then on the one hand, if the line Kg in the Ames 
Lab samples is indeed due to vanadium dissolved in the Cr^B^ 
matrix, its NMR ought not to be extinguished as the tempera­
ture is lowered. And in fact the line is not diminished in 
intensity even at 4.2°K. On the other hand, the line Kg in 
the French samples is definitely extinguished in samples F-5 
and F-6 but is not in F-3 and F-4, at 4.2°K, while its diminu­
tion in F-2 at that temperature is questionable. These facts 
further deepen the mystery of the French samples. 
V NMR IN Vg igCrQ Qg Bg 
(F-4) AT 16 MHz 
14,305.8 14,329.9 14,353.9 
H(Oe) 
Figure 23. The two-line spectrum in the x - 0.15 (F-4) sample 
at 16 MHz 
V RESONANCE IN 
Bo SAMPLE OF ^0.25 ^ '0.75° 2 -
CASTAING ET AL. 
AT 26 MHz. 
23,226.7 Oe 23,259.5 Oe 23,292.2 Oe 23,324.8 Oe 23,3570 Oe 
MAGNETIC FIELD 
Figure 24. The two-line spectrum in the x = 0.25 (P-6) sample at 
26 MHz 
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The methods of sample preparation are probably the key 
factor in explaining the disparity between the results of 
the Ames Lab and the French efforts, not to mention those of 
Post et al. (4). For a number of Ames Lab samples not re­
ported on here, the method of preparation is quite elucidat­
ing. For one such, of nominal composition Vq ^^Cr^ 88^2' 
the sample was prepared as usual, from an arc-melt of the 
stoichiometric elemental constituents. The resultant vanadium 
NMR showed the typical two-line spectrum. A subsequent 24-
hour anneal of the same powdered sample resulted in a speci­
men with a quite different NMR spectrum. Two vanadium lines 
were present, but now although one was at Kg the other was at 
a new value Kg = +0.14%; the lines were of equal intensity. 
From other work (26) the line Kg could be identified as 
vanadium dissolved in the monoboride CrB. X-rays of the 
sample verified that it was indeed a mixture of Cr^B^ and 
CrB. The effect of the anneal had been to reduce the total 
boron content of the sample, in essence converting the 
CrBg-Cr^B^ mixture to the less boron-rich CrgB^-CrB con­
glomerate. The same effect was produced by a similar pro­
cedure when followed for an x = 0.25 Ames Lab sample. Al­
though the annealing process is carried on in sealed, 
evacuated tantalum crucibles, the boron has a tendency to 
react with the tantalum at the elevated annealing tempera­
ture, producing a boron-deficient product. 
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The two pairs of samples, x = 0.04 (QM-24 and NM-299) 
and X = 0.08 (QM-31 and NM-300), are proof that even for 
somewhat similar methods of preparation the results may be 
quite different. The NM- and QM- pairs were prepared 
identically except that the latter were annealed in button 
form before being crushed to powders. The result is that 
the unannealed samples are cleaner, for they show almost 
none of the Cr^B^ phase compared to that present in the 
annealed pair. 
B. The Magnetic Transition 
1. Type of ordering 
The cause of the extinction of the ^^B and 
resonances in this system can only be either a magnetic or 
a crystallographic phenomenon. In the latter case it would 
be argued that as the sample temperature is lowered through 
the transition the crystal structure actually undergoes some 
radical change. While such behavior is neither physically 
unreasonable nor unprecedented (28), it cannot by itself 
explain the complete disappearance of the boron resonances. 
No matter what form the new, low temperature state assumes, 
be it a regular crystalline lattice or some amorphous glassy 
condition, the boron resonance would unquestionably still be 
detectable. Only large or uniform changes in the internal 
hyperfine fields of the sample can effect the disappearance 
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of the resonance, and a structure change in the sample would 
not accomplish this. 
The question then arises as to what kind of magnetic 
transition it is that occurs in this system. Some insight 
can be gained from the susceptibility measurements. 
Cadeville (20) measured the susceptibility of CrBg from 
100 to 1200°K and found that up to 600°K the results could 
be satisfactorily fit by a CW law of the form 
" = Tie -
with C = 0.538 cgs and 0 = -1550°K. Although she unwittingly 
remained above the ordering temperature of the compound, she 
nonetheless averred that the CW behavior and the negative 
value of © strongly suggested antiferromagnetic ordering. 
Her suspicion was subsequently confirmed independently by 
Castaing et (29) and by Barnes and Creel (2). 
But while they detect magnetic ordering in CrBg, 
Castaing et claim (5, 29) that their susceptibility data 
do not follow a CW law above T^, in contradiction to 
Cadeville's results. More confusing is the fact that in 
spite of their assertion to the contrary, their published 
susceptibility data can be fit rather well to a straight 
— 1 line when X~ is plotted vs. temperature. This is true of 
both CrBg and the mixed diborides up to 300°K. 
More to the point here, their susceptibility measurements 
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on two of the Ames Lab samples, presented in Figure 21, 
clearly demonstrate a CW-like behavior. 
In the face of this evidence it seems most logical to 
conclude that the system of dilute vanadium in CrBg shows 
CW-like paramagnetic behavior above the ordering temperature 
Cadeville estimates from her work that the chromium atoms 
carry a moment of 2.07 Bohr magnetons, while the results on 
the two Ames Lab samples give 1.63P for NM-300 and 2.1ip 
for NM-299. The numbers are in only fair agreement, but 
their real significance is in their non-negligible magnitude 
There do indeed appear to be localized moments in the system 
in the paramagnetic region. 
This viewpoint finds support in a final experimental 
fact concerning the vanadium line in the Ames Lab samples, 
In the X = 0.08 sample (QM-31), at 77°K this line is notice­
ably broader than is the line Kg, by perhaps 50%, whereas at 
room temperature the lines are of about equal width. The 
variable temperature data are quite noisy and the lineshapes 
difficult to distinguish, but the line can be seen to 
double its width over the 100-degree temperature range above 
its extinction. However, no shift is observable. 
But these facts are seemingly irreconcilable with the 
behavior of the position and width of the NMR as the 
transition temperature is approached. On the one hand the 
resonance extinction clearly affirms that there is magnetic 
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ordering. On the other hand, if it is the local moments 
that are ordering, why is their order not reflected in a 
noticeable broadening or shifting of the resonance line? 
A possible explanation is that the local moments do not 
order as the temperature is lowered, although they remain 
undiminished through the transition. Instead, it is the 
conduction electrons, acting collectively as they do in 
chromium metal, that give rise to a magnetic ordering whose 
onset produces no noticeable effect on the boron linewidth 
and Knight shift. 
In fact, a model for the electronic structure of the 
transition metals has been proposed by Hubbard (30, 31) that 
might be applicable to the present system. As explained by 
Edwards (32), the d band of the transition metal (chromium 
or vanadium here) is split by a strong exchange interaction 
into two bands, a lower-energy band with 10 - r states per 
atom and an upper band with r states per atom, where r is 
an integer. When only 10 - r - n electrons (n < 1) are 
available to the two bands, all enter the lower band, leaving 
n electron holes in it and r holes in the completely empty 
upper band. The n holes in the lower band can be treated as 
itinerant while the r holes in the upper band behave as 
localized spins. 
This picture agrees with the known facts for the 
V^Cr^_^B2 system. The localized hole spins of the empty 
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upper band would account for the CW behavior of the suscepti­
bility, but they would not noticeably influence the NMR 
spectra as the temperature is lowered if they remain dis­
ordered even as low as 4.2°K. 
The fractional hole spin per atom in the lower band is 
to be viewed as itinerant to the extent that it is actually 
a whole hole that hops from atom to atom at a high jump fre­
quency, so that its average effect above the transition 
temperature can be described as a spin density. In this 
state only a small or negligible average hyperfine field is 
produced at the nuclear sites, and the NMR spectra would be 
relatively unaffected. At the onset of ordering, then, the 
hopping frequency of the itinerant holes is suddenly greatly 
reduced, so that a hole spends a long time compared to the 
Larmor frequency at a given atomic site. The resultant 
hyperfine field is large and displaces the nuclear resonance 
out of the range of observability. This explanation is con­
sistent with the lack of broadening and shifting that is ob­
served for the resonances in the mixed diboride system. 
It should be emphasized that the present application of 
this model is very speculative in view of the lack of infor­
mation about the actual electronic band structures of the 
transition metal diborides. In fact, in recent work, Hanson 
et al. (33) conclude that there is little similarity between 
the band structures of the 3d diborides and that of the 3d 
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transition metals. At the same time, they deduce that the 
boron atoms contribute electrons to the d bands in these 
compounds. From a simple point of view, then, chromium 
diboride might be expected to behave more like manganese or 
iron, elements to which the Hubbard model appears to be 
applicable (32). The chief virtue of the model here is that 
it explains the experimental behavior of the 
As an alternative, it appears attractive to compare 
these mixed diborides with the compound VgO^. The sesquioxide 
undergoes two transitions. The high-temperature transition 
is from a paramagnetic insulator (I) to a metallic (M) state 
but is not accompanied by a change in crystal structure. 
This "Mott"-type transition (34) cannot be compared to the 
present case because for it the vanadium NMR is not ex­
tinguished but can be seen in either state, suffering only 
a moderate change in shift value through the transition 
region (35). There is no obvious magnetic ordering. 
The low-temperature transition is from the metallic to 
an antiferromagnetic insulator (AF) state, and Jones found 
(36) that the vanadium resonance is abruptly extinguished at 
its onset. This begins to smack of the mixed diboride sys­
tem. Jones implies, but does not explicitly state, that the 
resonance line is of constant width for over a hundred de­
grees above the M-AF transition, as for in the diboride 
system. However, the Knight shift of the resonance is not 
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constant but changes by nearly a factor of 2 within 200 
degrees of the ordering temperature in the M state. The 
behavior of the shift is actually CW-like and in that 
respect disagrees with the results for either the or 
shifts observed here. 
It is interesting to note that VgO^ undergoes a change 
in crystal structure at the M-AF transition (28). This 
might well occur in the V^Cr^ compounds; x-rays of them 
have not been made in their ordered states. But a structure 
change appears to shed little light on the physical origin 
of the transition, which must inevitably be of a magnetic 
nature to effect the abrupt resonance extinctions that are 
observed. 
In the end it seems that the mixed V-Cr diborides com­
pare most favorably with chromium metal in regard to the 
type of magnetic ordering that occurs in them. The diborides 
appear to possess local moments in the disordered state while 
the metal does not, but these moments appear not to be the 
cause of the magnetic ordering. In both systems the behavior 
of the respective resonances through the transition is the 
same. It is this similarity to the chromium case that sug­
gests that the ordered state of the diborides is antiferro-
magnetic and is some sort of itinerant or collective electron 
phenomenon. 
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2. Ordering temperatures in the V^Cr^^ system 
The x-ray data and the results of the boron variable-
temperature NMR studies suggest that there is some fundamental 
difference between the Ames Lab and the French samples that 
cannot be ignored. To see this more clearly one can plot the 
transition temperatures, T^, of the samples, as determined 
from the resonance extinction, as a function of vanadium 
concentration. The results are shown in Figure 25, along 
with the values of T^ for the French samples as determined 
from Castaing's susceptibility measurements. Two points 
should be noted. 
The first is that our measurements of T^ for the French 
workers' samples agree quite well with their values. It's 
curious that their susceptibility measurements show no transi­
tion in the x = 0.25 sample, in which the extinction of the 
boron resonance is so unmistakable (see Figure 17). But as a 
rule the values for T^ are in fair agreement. This indicates 
that our respective methods of determining T^ are essentially 
equivalent. 
The second point to note is that there is an obvious 
difference between the dependences of T^ on x for the two 
classes of samples. This has to be a real difference because 
the measurements on the two were made by the same method. No 
plausible explanation can be forwarded for this disparity 
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between the two sample classes, but it almost certainly 
is related to the difference in their vanadium spectra. 
Whatever the cause, it must be the result of the different 
methods of sample preparation. 
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VI. SUMMARY 
The NMR spectra of the mixed vanadium-chromium diborides 
were studied and were in turn used to investigate the nature 
of the magnetic transition that occurs in them. Two classes 
of samples were used for the study, one prepared in the Ames 
Laboratory and the other prepared at the French Aerospace 
Research Center in Chatillon, France. 
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The V spectra at room temperature showed for all sam­
ples the presence of one or both of two distinct NMR lines, 
of shift values = -0.13% and Kg = -0.23%. In the Ames 
Lab samples the line Kg was found to be due to vanadium 
dissolved in the impurity phase Cr^B^, and the line K^ was 
identified as being due to vanadium in the desired diboride 
matrix. In the French samples the same two lines were 
present, but none of the Cr^B^ phase could be detected by 
x-ray. The two-line vanadium spectra of these samples could 
not be explained. 
The vanadium spectra show a field-dependent broadening 
at higher frequencies. It's deduced that this effect is due 
to an inhomogeneous distribution of Knight shifts, rather 
than to an anisotropic shift interaction. 
The extinction of the ^^B resonance was used to de­
termine the transition temperatures of the samples. The 
addition of vanadium to CrBg was found to lower the transi­
tion temperature linearly with vanadium concentration for 
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both sample classes, but the reduction was more rapid for 
the Ames Lab specimens. 
The boron resonance profile does not broaden or shift 
its position at all as the transition is approached. This 
suggests a lack of local-moment ordering, by analogy with 
the vanadium resonance behavior in the antiferromagnetic 
vanadium-chromium alloys. On the other hand, local moments, 
on the order of two Bohr magnetons per atom in magnitude, 
are found to be present on the basis of susceptibility 
measurements. It is concluded that the magnetic transition 
is not due to the ordering of the localized moments but 
rather is effected by itinerant electrons in the metallic 
system. 
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